Objectives/Hypothesis: Open-mouth breathing during sleep may increase the severity of obstructive sleep apnea (OSA) and complicate nasal continuous positive airway pressure (CPAP) therapy in patients with OSA. The aim of this study was to assess the effect of open-mouth breathing on upper airway anatomy using lateral cephalometry and fiberoptic nasopharyngoscopy.
INTRODUCTION
Most healthy subjects choose to breathe almost exclusively by the nasal route rather than the oral route during sleep. 1 However, if there are any obstructions in the nasal or nasopharyngeal pathways, the nasal breathing pattern may change to a mouth breathing pattern to compensate for decreased nasal flow and to allow adequate respiration. 2 Open-mouth breathing is related to the growth and development of the orofacial structures, including narrowing of the maxilla, reduced development of the mandible, malocclusion, and mouth dryness. 3 It may also affect upper airway collapsibility and resistance. 4 -6 In patients with obstructive sleep apnea (OSA), mouth breathing during sleep is a risk factor for increased severity of OSA and for low adherence to nasal continuous positive airway pressure (CPAP) therapy. 7 Furthermore, relief from severe nasal obstruction during sleep is associated with significant normalization of mouth breathing, improvement in sleep-stage architecture, and a modest reduction in OSA severity. 8 Cephalometry is a readily available, inexpensive, and reliable technique for evaluating the pharyngeal airway. 9, 10 However, it provides only a two-dimensional static representation of the upper airway, which is in fact a dynamic three-dimensional structure. Moreover, it only yields information on the linear dimensions of the structures. Fiberoptic nasopharyngoscopy is easily performed in the outpatient setting without exposure to radiation. This procedure permits direct observation of the dynamic appearance of the pharynx in a supine position as well as measurement of cross-sectional areas using an available software program. 11 We hypothesized that open-mouth breathing during sleep changes upper airway anatomy and that this increases the severity of OSA as well as CPAP noncompliance. Therefore, using cephalometry and fiberoptic nasopharyngoscopy to assess the influence of open-mouth breathing on the upper airway, we have examined the changes in the upper airway in response to opening of the mouth.
MATERIALS AND METHODS

Subjects
We studied subjects who had no subjective complaints of upper airway obstruction, such as nasal obstruction, snoring, and sleep apnea for at least three months, and in whom physical examination revealed no anatomic problems in the oropharynx or nasal cavity. We excluded subjects with significant maxillofacial deformities, tonsillar hypertrophy (tonsils occupying more than 50% of the lateral dimension of the oropharynx), macroglossia, severe obesity, unwillingness to cooperate, and subjects who had previous upper airway surgery. Height and weight were recorded, and the body mass index (BMI) was calculated. In total, 28 subjects were included in the study. Ages ranged from 17 to 71 years, with a mean of 36.7 Ϯ 14.6 years. There were 16 male participants and 12 female participants. Mean BMI was 23.3 Ϯ 2.8 kg/m 2 . The Institutional Review Board of Ansan Hospital, Korea University reviewed and approved the study protocol. Each subject provided written informed consent.
Lateral Cephalometry
Lateral cephalometric radiographs were taken with the mouth open and closed with the patient in an upright sitting position and awake. Each subject was directed to gaze forward, holding his or her head in a natural position. The first closedmouth film was taken with the subject occluding the mouth, and the second open-mouth film was taken with the subject breathing through the mouth, which was adequately open in a natural and comfortable state. Seven cephalometric variables, expressed as angular (degrees) or linear (mm) measurements, for both open and closed mouth were analyzed for each subject. Cephalometric measurements included retropalatal distance, retroglossal distance, hypoglossal distance, pharyngeal length, distance between the mandible and hyoid bone (MP-H), and angles from the sellanasion to mandibular points A and B (angles SNA and SNB, respectively) ( Fig. 1) . A single experienced clinician digitized and, using STARPACS (Infinitt, Seoul, South Korea), calculated all landmarks identified from lateral cephalograms.
Fiberoptic Nasopharyngoscopy
Endoscopic examination of the upper airway was carried out using a fiberoptic nasopharyngoscope (Olympus ENF Type T3, Tokyo, Japan), with a calibrator (known dimension of 5 mm with the tip open) inserted through the instrument port and placed at the level of interest. The examination was performed through the nasal cavity with the subject in a supine position and awake. After the entire upper airway had been examined, the tip of the nasopharyngoscope was placed over the narrowest levels of the retropalatal and retroglossal areas. The uvula was used as an anatomic landmark for the retropalatal level and the tip of the epiglottis as a landmark for the retroglossal level. Then, the calibrator was brought to the narrowest area for each level; it was fully opened, and an endoscopic image was taken at the best view. In addition, the surrounding structures, such as the soft palate, tongue base, and posterior and lateral pharyngeal wall, were observed and measured. This examination was performed systematically in the following order: retropalatal area with mouth closed, retropalatal area with mouth open, retroglossal area with mouth closed, and retroglossal area with mouth open. To obtain measurements with mouth breathing, the subject was allowed to breathe through the mouth with adequate and comfortable airflow. The actual cross-sectional areas were obtained using STARPACS (Infinitt, Seoul, South Korea) by comparing the dimension of the fully opened calibrator (5 mm) and the measurements of the retropalatal and retroglossal levels in endoscopic images (Fig. 2) . A single experienced otolaryngologist performed the endoscopic examination and measurements of the cross-sectional areas for consistency.
Statistical Analysis
A two-tailed paired t test was used to compare cephalometric and fiberoptic nasopharyngoscopic measurements with the mouth open and closed. The standard deviation of the mean (SD) was used as an index of variability. Statistical analysis was performed with the SPSS software programs (SPSS Inc., Chicago, IL), and a P Ͻ .05 was accepted as statistically significant.
RESULTS
Lateral Cephalometry
The cephalometric data are summarized in Table I . Significant changes were found in retropalatal distance, retroglossal distance, pharyngeal length, MP-H (distance between mandibular plane and hyoid bone), and SNB in comparisons between the mouth open and closed. When Data are presented as mean Ϯ SD. MP ϭ mandibular plane; H ϭ hyoid bone; SNA ϭ angle formed by intersection of lines drawn from sella to nasion and nasion to subspinale; SNB ϭ angle formed by intersection of lines drawn from sella to nasion and nasion to supramentale. compared with the mouth closed, the retropalatal and retroglossal distances and MP-H were each significantly lower than with the mouth open, as was the SNB angle. Pharyngeal length was also significantly greater. However, hypoglossal distance and SNA showed no statistically significant differences.
Fiberoptic Nasopharyngoscopy
The fiberoptic nasopharyngoscopic data are presented in Table II . Retropalatal and retroglossal crosssectional areas were significantly lower when the mouth was opened than when it was closed.
DISCUSSION
We have shown that there are significant anatomic changes in the upper airway with opening of the mouth. There is a significant narrowing of the retropalatal distance with the mouth open. This may be caused by the posterior displacement of the soft palate, which is in contact with the posteriorly displaced tongue base when the mouth is open. In addition, the retropalatal distance is reduced by posterior movement of the soft palate against the posterior pharyngeal wall to close the nasopharyngeal airway and breathe by the oral route. The reduction of the retroglossal distance may be caused by posteroinferior movements of the mandible and tongue. However, no change of hypopharyngeal distance takes place because the hypopharyngeal segment is supported by rigid structures such as the thyroid cartilage in contrast to the retropalatal and retroglossal pharyngeal segments that are supported by collapsible soft tissues. The distance between mandibular plane and hyoid bone (MP-H) is significantly reduced with the mouth open. This change, which could shorten the upper airway dilator muscles located between the mandible and hyoid bone, may alter the contraction efficiency and reduce the contractile force of the dilator muscles by producing an unfavorable lengthtension relationship. 5 We also have found that openmouth breathing is associated with an increase in pharyngeal length. The faster airflow generated by the longer and narrower upper airway may increase the negative intraluminal pressure during inspiration and facilitate collapse of the upper airway.
Bachour and Maasilta 7 reported that patients who breathe mainly through their mouth during sleep have a higher respiratory disturbance index than those who breathe mainly through their nose. McLean et al. 8 demonstrated that relief from severe nasal obstruction in patients with normal retroglossal airway is associated with a reduction in mouth breathing and in OSA severity during sleep. Our findings suggest that relief from nasal obstruction may indirectly contribute to the reduction of OSA severity because of the changes of the upper pharyngeal airway by the normalization of mouth breathing.
CPAP therapy, which provides a mechanical pneumatic stent for the upper airway, is an effective treatment for OSA. 12 It is traditionally given via a nasal mask, and therefore patients should ideally keep their mouth closed during sleep. However, the mouth may fall open during sleep, and this causes leaks in 10% to 15% of cases. 13 To compensate for such air leaks, the pressure generator in the CPAP increases nasal airflow. This may lead to nasal mucosal inflammation, edema, and nasal obstruction, which can promote CPAP intolerance. 14 -16 Patients with moderate to severe OSA with a high percentage of mouth breathing during sleep are less adherent to nasal CPAP therapy than patients with a low percentage of mouth breathing. 7 Our findings suggest that mouth breathing may not only lead to loss of air pressure due to leakage around the mouth during nasal CPAP therapy but can also increase the titrating pressure by reducing the retropalatal and retroglossal areas. In addition, the changes of upper airway dilator muscles and pharyngeal length may facilitate collapse of the upper airway and increase its resistance, thus aggravating the need for more airflow or positive pressure. The additional airflow or positive pressure can in turn cause rhinitis, nasal obstruction, or discomfort, which finally affect CPAP compliance.
There are several limitations to this study. Cephalometric and fiberoptic nasopharyngoscopic measurements are two-dimensional static representations of an active three-dimensional upper airway. Furthermore, because both examinations were performed during wakefulness, and cephalometry was performed in an upright sitting position, these examinations do not necessarily reflect the actual sleep state. However, because with subjects in the supine position the soft palate and tongue base are displaced posteriorly due to gravity and because the activity of upper airway dilator muscle decreases during sleep, the cross-sectional areas of the retroglossal and retropalatal areas during sleep may be narrower than when subjects are in an upright sitting position during wakefulness. 17, 18 
CONCLUSION
Open-mouth breathing significantly narrows the retropalatal and retroglossal areas, lengthens the pharynx, and shortens the MP-H. Knowledge of these changes associated with opening of the mouth adds to our understanding of the increase of OSA severity and low adherence to nasal CPAP therapy in mouth breathers. Data are presented as mean Ϯ SD. CSA ϭ cross-sectional area.
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